We study the spectrum of quantized hypersonic vibrations in gold coated polymer films deposited on crystalline silicon substrates. Gold films with thickness values in the range 2.5 nm to 30 nm were deposited onto supported polystyrene films and shifts in the resonant frequency of coated areas were observed relative to the bare polymer films. The experimental results and analysis based on solving the elastic equation with various boundary conditions show that supported polymer films have a potential for application in mass sensing and studies of the nanomechanical response of ultrathin adsorbed layers of material. V C 2013 American Institute of Physics.
I. INTRODUCTION
The development of gigahertz (GHz) and terahertz (THz) acoustic devices is a challenging task which promises new and attractive applications. 1 A wide class of potential acoustic devices is based on nanostructures where the acoustic phonon spectrum is quantized. Typical examples of such nanostructures are nanomechanical cantilevers, beams, strings, and free standing membranes, where the frequency of quantized phonons detected experimentally reaches hundreds of GHz. 2, 3 The most promising applications for devices utilizing quantized phonons are nanosensing, 4, 5 optical cooling, 6, 7 phonon lasing, 8 and quantum information processing. 9 The nanostructures used in these previous experiments were usually fabricated from crystalline materials (e.g., silicon). Soft materials, such as polymers, are used more rarely because of the comparatively higher phonon damping that occurs in these materials. 10 Recent experiments, however, with thin polymer films and multilayers have shown that phonon quantization is still very pronounced for frequencies up to a few tens of GHz. 11 In this respect, polymeric nanostructures have a number of advantages when compared with crystalline materials. They do not need to be free-standing and can be supported by solid substrates; phonon quantization is still likely to occur because of the large acoustic mismatch that exists between the polymer and the substrate. Polymers can be routinely fabricated with nanometer dimensions using techniques such as spin-coating or melt processing and additional further patterning of polymer surfaces is also possible using nano-imprint lithography based approaches. 12 Furthermore, block copolymer materials provide a rich variety of architectures that can facilitate the self-assembly of interesting nanostructures with well-defined shapes and sizes. 13 Ultra-thin polymer films have relatively low mass, which could be comparable to the masses of adsorbed materials, making them potentially useful for mass sensors. There is also potential for polymer nanostructures to be integrated with crystalline opto-mechanical and electromechanical devices to provide controlled coupling of phonons and photons (e.g., combined photonic and phononic crystals).
The aim of the present work is to demonstrate the changes to the hypersonic quantized phonon spectrum when a polymer film is loaded with a mass of another material. These experiments are an important demonstration of the potential for using ultra-thin polymer films as mechanical resonators for hypersonic nanosensing applications. We show that, as well as being able to detect adsorbed mass, the polymer films have the potential to provide information about changes in the elastic and mechanical properties of the adsorbed material under certain conditions. Specifically, we analyze the results using two models: the first considers simply loading the polymer film with some mass; and the second includes the elastic coupling of the adsorbed material with the polymer film.
II. EXPERIMENT
Aluminium (Al) films with a thickness of 75 nm were deposited on the surface of 50 lm thick single crystal silicon (Si) substrates via thermal evaporation. Polystyrene (PS) (Sigma Aldrich, M w ¼ 192 kDa) films were then spin coated from 2%wt. solutions in toluene on to the reverse side of the Si substrates. A drop of solution was placed on each substrate and rotated at 2000 rpm. This procedure resulted in the production of uniform polymer films with thickness values of 106 6 4 nm. The thickness of each film was measured using a single wavelength self-nulling ellipsometer (wavelength k ¼ 633 nm). Finally, high purity gold (Au) layers with areas of 3 Â 2 mm 2 were deposited on the PS coated surface of the samples using thermal evaporation at a pressure of 1 Â 10 À5 Torr. The thickness of the Au layers was measured using a quartz crystal resonator that was placed close to the samples in the evaporation chamber. Gold layer thickness values in the range 2.5-30 6 0.5 nm were obtained.
The hypersonic experiments were performed at room temperature using a picosecond acoustic technique 14 shown in the scheme in Fig. 1 . The Al film was excited by 60 fs optical (pump) pulses from an amplified Ti-sapphire laser (k ¼ 800 nm), with a repetition rate of 5 kHz. The pump beam was focused to a 200 lm diameter spot which resulted in the maximum energy density on the Al film being $ 10 mJ/cm 2 . When the Al film is optically excited in this way it expands thermo-elastically and a bipolar strain pulse with a duration of $10 ps and an amplitude of $10 À3 is injected into the neighbouring Si substrate.
14 The strain pulse propagates through the Si with the velocity of longitudinal (LA) sound (8430 ms
À1
) and reaches the Si/PS interface in a time of $6 ns. The strain pulse is then partially reflected due to the acoustic mismatch between PS and Si and partially transmitted into the polymer film. This results in a hypersonic wavepacket of coherent LA phonons being excited in the PS film.
The change in the intensity, DI(t), of an optical probe pulse (k ¼ 400 nm), originating from the same laser and reflected off the surface of the sample (see Fig. 1 ), was measured as a function of its delay, t, relative to the pump pulse. This was achieved using a balanced photodiode and a lockin amplifier, triggered with a repetition rate of 2.5 kHz using a mechanical chopper locked to the 5 kHz pump beam frequency. For each Au thickness, 5 measurements were taken, each at a different point on the gold coated areas. The measurement positions were chosen to be away from the edges of the gold coated regions so as to avoid any edge effects. The results presented below are the average of these measurements with associated error bars.
The measured temporal signals, DI(t), are shown in Fig.  2 (a) for various thickness values of the Au load. The changes in the reflectance of the sample start at t ¼ 0, which corresponds to the arrival of the strain pulse at the free surface of the sample (Au/air interface). The signals have a complicated oscillatory behavior which is reproducible at all points on the surface for both the plain PS film and each Au load layer. No significant differences were observed in the shapes of these temporal signals when the excitation pump and probe beam power densities were varied. General features, such as the period of the oscillations, the net decay time, and the amplitude of DI(t) in the plain (unloaded) PS film (see the upper curve in Fig. 2 (a)), were similar to those detected in earlier work on PS films. 11 It can clearly be seen that the signals change significantly when the thickness of the Au load increases. More specifically, for thick Au films the period of the slower oscillations increases and the highfrequency features are more heavily damped.
Figure 2(b) shows fast Fourier transforms (FFT), obtained in 2 ns time windows, of the corresponding DI(t) data shown in Fig. 2(a) . Two distinct resonant peaks, marked by solid arrows, can easily be seen in the spectra. These peaks correspond to the quantized LA phonon modes in the PS film loaded with Au. The large acoustic mismatch between the PS and Si substrate means that the excited acoustic modes (i.e., phonons) cannot escape easily from the film. In unloaded PS films, such confinement results in quantization that has an analog with closed-pipe organ modes with frequencies of
where n is an integer; s is the longitudinal (LA) speed of sound in the polymer; and d is the thickness of the polymer film. 11 The two peaks in the spectrum for the plain (unloaded) PS film [upper curve in Fig. 2(b) ] correspond to the modes with frequencies f 0 and f 1 related to n ¼ 0 and n ¼ 1, respectively, given by Eq. (1). For Au loaded PS films, Eq. (1) is no longer valid, and the values of f n change: the peak frequencies decrease with the increase of the Au load thickness. The magnitude of the changes in f 0 and f 1 following the deposition of Au layers lies in the GHz frequency range and for the highest load (30 nm Au film), f 0 decreases by a factor of 3. Figure 3 shows how the frequencies, f 0 and f 1 , depend upon the thickness and areal mass density, r load , of the adsorbed gold layers (lower and upper scales, respectively). These plots show that large relative changes in f 0 and f 1 take place when the Au is only a few nanometers thick. Further increases in thickness up to 30 nm have a tendency to cause saturation of the frequency shifts.
III. ANALYSIS AND DISCUSSION
The aim of the analysis is to calculate frequencies for quantized LA phonons in the polymer/load structure. This is performed by considering elastic standing waves described by the displacement, u(x,t), of atoms in the structure in the direction x, perpendicular to the surface. The elastic equation for u(x,t) may written in the form these properties change to be $40 nm. 16, 17 Both of these thicknesses fall below that of the PS films used in this study so no deviation from the bulk properties is expected. Furthermore, while studies have shown that the properties of PMMA are extremely sensitive to substrate interactions, 18 PS films have been shown to have properties that are insensitive to both substrate interactions and the presence of an evaporated metal layer. 16 The solution of Eq. (2) gives a discrete spectrum of phonon modes defined by the parameters of the PS film, Au load, and boundary conditions at the interfaces. At the PS/Si interface, we assume that the film is pinned, i.e., u ¼ 0, which is a good approximation due to the large acoustic mismatch between PS and Si. At the free surface, the strain is expected to be zero, i.e., du/dx ¼ 0. For the PS/Au interface, we consider two separate cases that are described by two different boundary conditions. The first, which we shall call a "load" model, assumes that no elastic waves are excited in the Au load, which has a mass per unit area, r load . This is equivalent to the assumption that the entire Au load matches the displacements at the PS/Au interface. The boundary condition in this case may be written as
and the frequencies x n ¼ 2pf n of the quantized phonon eigenmodes may be found from the following equation:
where Z PS ¼ s PS q PS is the acoustic impedance of the PS film. The second case, referred to as the "elastic" model, is when the elastic wave extends into the Au load. Then, the boundary condition at x ¼ d is obtained by matching the displacement and stress in the film and load and we have 
and we get the spectrum of phonon eigenmodes from the following equation:
where Z load is the acoustic impedance of the Au layer. The calculations using Eqs. (4) and (6) and n ¼ 1 are shown in Fig. 3 as solid lines. The results of the calculations for the two models are almost identical and indistinguishable in Fig. 3 . Both the load and elastic models fit the experimental results very well. The appearance of a strong non-linearity of the frequency dependence on the areal mass density of the applied load is to be expected already on a qualitative level and occurs at load thickness values of d $ 1 nm (r load % 2 lg/ cm 2 ). An obvious explanation for this is that in our experiment the ratio of areal densities r load =r PS is not a negligibly small value. If the deposited load is small, then it couples to the oscillations of the resonator and, analogous to the Sauerbrey equation that is commonly used to calculate the sensitivity of quartz crystal microbalance (QCM) systems, 19 can be assumed to act like a small increase in the mass, or thickness, of the film. The corresponding change in frequency, as described by Eq. (1), allows the ultimate frequency sensitivity of the polymer film to deposited mass to be estimated. For the structure presented here (d ¼ 105 nm, s PS ¼ 2300 m/s), a sensitivity of 650 ag/(cm 2 Hz) is obtained. In the general case, where the mass of the load becomes comparable to the mass of the oscillator, the change in resonant frequency must be obtained by Eq. (4) or Eq. (6). It is useful to find the conditions under which the load and elastic models give essentially different eigenmode frequencies for quantized phonons. For this, we have performed calculations for a wide range of load parameters, r load and Z load . Figure  4(a) shows the dependence of the n ¼ 1 quantized frequency, f 1 , on the mass of the load relative to our PS film. The solid curve is the calculated result of the load model [Eq. (4)] and dashed curves are calculated using the elastic model [Eq. (6)] for two values of load impedance. It is seen that the load model is valid only for low r load . The difference in the results for two models also becomes larger as Z load decreases. Figure 4(b) shows a surface plot where the difference between the first quantized frequencies, df, calculated using each model is plotted as a function of r load and Z load . In the regions where df =Df % 0, both models give almost identical results. There are, however, a wide range of r load and Z load values where a thin PS film is very sensitive to the elastic properties of the load, as well as its mass.
A practical question arises regarding the validity of the load or elastic model in each particular case. From Fig. 4 , it is clear that these two models give identical results when r load is negligible relative to the mass of the sensor for any Z load . This is commonly the situation that occurs when using commercial QCMs, as the quartz crystals are relatively large. For low mass sensors, such as the $100 nm polymer film used in the present experiment the ratio r load =r PS is not negligible. For even the smallest (2.5 nm) Au film studied here, r load =r PS ¼ 0.5. When probing, for example, various organic materials, this ratio will be less (although still far from zero) and the question regarding the validity of the load or elastic model in each case becomes increasingly important. In reality, the answer depends on whether the load is in good elastic contact with the polymer film. If the contact is poor then the load model is capable of reproducing the observed frequency shifts. If there is intimate contact between the PS sensor layer and the attached load, then the elastic model becomes more suitable. In the latter case, the results obtained by load and elastic model calculations differ significantly if Z load / Z PS < 2. For Au loads studied here, Z load /Z PS ¼ 26 and consequently the analysis gives the same frequency shifts using either model.
Our results point to the potential application of polymer films as ultrasensitive-hypersonic sensors for investigating a variety of systems. At low masses (<$10 ng cm À2 ), the specific sensitivity to changes in mass deposited on the polymer surface is estimated from Fig. 3 to be about 650 ag/(cm 2 Hz). This is approximately 8 orders of magnitude better than current state-of-the-art QCM systems, due to the higher frequency used. However, the actual mass sensitivity that can be achieved in practice is limited by the precision with which changes in the frequency can be measured. This depends both on the damping and the signal to noise ratio. The damping lowers the Q of the system, and hence leads to broadening of the spectral lines, but if the signal to noise ratio is sufficiently high, it is possible to measure the shift of a line which is some fraction of its linewidth. In our experiment, the frequency resolution is $100 MHz, which is about 10% of the linewidth. This corresponds to being able to detect areal mass densities of 65 ng/cm 2 , which is only one order of magnitude worse than state-of-the-art QCM systems that can resolve a fraction of a Hz at about 10 MHz. It is possible that the frequency resolution of the experiments reported here could be improved by increasing the signal to noise ratio by, for example, using a higher repetition rate femtosecond oscillator instead of the amplified femtosecond laser ( we   FIG. 4 . Results of calculations of the shift in the first harmonic frequency, f 1 , against areal mass density for a 100 nm polystyrene film loaded with material with acoustic impedance Z load : (a) the solid curve is obtained using the load model and two dashed curves correspond to the elastic model for Z load ¼ 1 and 2; (b) a surface plot of the relative difference in frequency as calculated by the load and elastic models as a function of the relative mass and impedance of the load.
should point out here that the pump beam from the amplified laser was heavily attenuated, and it would be possible to achieve similar pump power density using a femtosecond oscillator if the spot was focused to $10 lm). Given that the mass sensitivities are similar, and the current requirement for an ultrafast laser, it seems unlikely that the polymer based sensor could compete with the, much simpler to operate, QCM sensors except with regard to potentially better spatial resolution to adsorbed mass as the laser spot is small ($100 lm) compared to typical QCM sensors ($1 cm 2 ). However, the above comparisons of the polymer device with QCMs assume a vacuum or gas environment. Applications of QCMs in studies of, for example, protein adsorption on surfaces require operation in liquids where strong damping significantly decreases their sensitivity. The advantage of a sensor working at frequencies in the tens of GHz range is that it will be largely mechanically decoupled from fluids with viscosity comparable to water, and so, in this regime the ultimate sensitivity of a polymer hypersonic mass sensor could be better than QCMs. It is also expected that the mass changes and acoustic impedances of organic materials, such as proteins, will lie in the region where the frequency shift is sensitive to Z load , possibly allowing for additional information regarding the mechanical and elastic properties of the load to be extracted. These potential advantages of the polymer-based device could be more easily exploited with the use of electrical means of generation and detection of acoustic waves in the tens of GHz range.
IV. CONCLUSIONS
In conclusion, we have shown that the frequencies of quantized GHz phonon modes in ultra-thin polymer films are sensitive to adsorbed material. The frequency shifts lie in the GHz range and a decrease in frequency of a factor of 3 is detected for the fundamental mode when loading a $100 nm polystyrene film with a 10 nm film of gold. The results are analyzed using models where the polymer film is coupled or alternatively decoupled elastically to/from the load. The calculations performed suggest that under certain conditions the film is very sensitive not only to the areal mass density of the load but also to its acoustic impedance as well. These results suggest potential applications for the films as ultrasensitive hypersonic mass sensors.
